T cell responses, mediated by T cell antigen receptors (TCRs), are remarkable for their high sensitivity, exquisite specificity, and rapidity 1 . T cells can be activated in response to very few foreign peptide major histocompatibility complex (pMHC) ligands (one to ten) 2-4 , with a small error rate (10 −4 to 10 −6 ) 5,6 and rapid response time (seconds to a few minutes) 7 . This rapid and highly accurate responsiveness allows T cells to detect peptides derived from foreign pathogens or abnormal cells early and efficiently without reacting to self-tissues. Several factors have been proposed to affect T cell discrimination and correlate with responsiveness, including subtle differences in TCR-pMHC off-rates, on-rates, affinities, and catch-bond formation. However, differences in these factors for agonist and non-agonist ligands are not always sufficient to explain the actual T cell error rate 8, 9 .
T cell responses, mediated by T cell antigen receptors (TCRs), are remarkable for their high sensitivity, exquisite specificity, and rapidity 1 . T cells can be activated in response to very few foreign peptide major histocompatibility complex (pMHC) ligands (one to ten) [2] [3] [4] , with a small error rate (10 −4 to 10 −6 ) 5,6 and rapid response time (seconds to a few minutes) 7 . This rapid and highly accurate responsiveness allows T cells to detect peptides derived from foreign pathogens or abnormal cells early and efficiently without reacting to self-tissues. Several factors have been proposed to affect T cell discrimination and correlate with responsiveness, including subtle differences in TCR-pMHC off-rates, on-rates, affinities, and catch-bond formation. However, differences in these factors for agonist and non-agonist ligands are not always sufficient to explain the actual T cell error rate 8, 9 .
The remarkable selectivity of T cells may be explained by a kinetic proofreading model 3, 6 . Following ligand binding, TCR proximal signaling molecules undergo a series of biochemical reactions, such as phosphorylation, and these multiple steps create a time delay between the input signal (pMHC recognition) and the output response (T cell activation) 6 . If these signaling steps are rapidly reversible following removal of the stimulus (for example, through dephosphorylation by phosphatases), the TCR-pMHC interaction would have to persist for a sufficient duration to initiate successful activation. By this mechanism, small differences in TCR-pMHC affinities or off-rates could lead to vastly different cellular outcomes, with each signaling step functioning as a 'proofreader' to allow only a bona fide activation signal to propagate downstream. Thus far, most efforts to assess the importance of kinetic proofreading in TCR signaling have been restricted to biochemical or mathematical models, and have failed to account for the role of endogenous self-peptides and changes in ligand discrimination during development 1, 10, 11 .
LAT (the linker for activation of T cells) is an important scaffold that coordinates TCR proximal signals in a phosphorylation-dependent manner following receptor stimulation 12, 13 . Although there are several phosphorylation sites in LAT that have a role in signal transduction, Y132 is the only residue in LAT that recruits phospholipase C-γ1 (PLC-γ1) following its phosphorylation by ZAP-70. Binding of PLC-γ1 to phosphorylated Y132 (p-Y132) in LAT leads to the Tec family kinase ITK-mediated PLC-γ1 phosphorylation and activation 14 . This activation of PLC-γ1 ultimately leads to calcium mobilization, ERK and protein kinase C (PKC) activation, and eventually cellular effector and transcriptional responses 12 . Interestingly, despite the importance of LAT p-Y132, the presence of a glycine at position 131 in LAT makes Y132 a particularly poor substrate for ZAP-70 because the kinase domain of ZAP-70 strongly favors an acidic residue (aspartate or glutamate) at the −1 position relative to substrate tyrosine residues 15 .
Here, we show that substitution of the glycine residue at the −1 position with aspartate or glutamate markedly increases the phosphorylation rate of LAT Y132 in T cells. This focused amino acid substitution in a signaling scaffold protein is sufficient to enhance T cell responsiveness to weak antigens or self-peptides. We demonstrate that slow phosphorylation of Y132 in LAT serves as an essential rate-limiting step in TCR signaling to enable ligand discrimination. Although a glycine at position 131 in LAT is highly conserved in tetrapods, some fish have other residues preceding the homologous tyrosine residue, including aspartate and glutamate, that are more optimal for phosphorylation by ZAP-70. Our results suggest that the slow phosphorylation of LAT Y132 is an important
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regulatory mechanism that contributes to T cell ligand discrimination in most jawed vertebrates and might underlie the remarkable selectivity of T cells.
Results
Mammalian LAT Y132 has a glycine at the −1 position, unlike other ZAP-70 substrates. LAT and SLP-76 are two adaptors in T cells that rely on their phosphorylation by ZAP-70 to link initial TCR signals to many downstream cellular events required for full T cell activation (Fig. 1a) 12 . ZAP-70 has a strong preference for its substrate tyrosine residues to be surrounded by acidic residues (that is, aspartate and glutamate) 15, 16 . These acidic residues facilitate substrate interaction with the ZAP-70 kinase domain, which is rich in basic residues in the substrate-binding region 15 .
The marked preference for aspartate and glutamate at the −1 position in ZAP-70 substrates is reflected in almost all reported substrates of human ZAP-70, except for the Y132 residue in LAT (Fig. 1b ). Human LAT Y132 has an unusually placed, small neutral glycine residue (G131) at the −1 position ( Fig. 1b ), making Y132 a potentially poor substrate for ZAP-70. In support of this view, Y132 phosphorylation is delayed compared to that of the distal tyrosines on LAT and is coincident with PLC-γ1 phosphorylation 17 . This uniquely positioned glycine preceding LAT Y132 was observed at the homologous position in virtually all 68 mammalian species examined ( Fig. 1c ). Consistent with the distinct sequence features of the Y132 phosphosite, in vitro phosphorylation assays with the ZAP-70 kinase domain and the cytoplasmic region of LAT showed that LAT Y132 was phosphorylated by ZAP-70 with substantially slowed kinetics relative to the rate of total tyrosine phosphorylation in LAT ( Fig. 1d ). Of note, mutation of Y127 to phenylalanine did not affect phosphorylation of Y132 in the in vitro kinase assay, suggesting that this nearby site of phosphorylation does not have a priming effect.
To extend this analysis to cells, we used Csk-deficient Jurkat cells reconstituted with a PP1 analog-sensitive Csk mutant (J.CskAS), to rapidly activate Lck by inhibiting Csk-dependent phosphorylation of an inhibitory tyrosine in Lck (data not shown) 18 . Activated Lck could then phosphorylate TCR ITAMs and ZAP-70, allowing ZAP-70 to initiate its kinase activities in its native cellular environment without triggering the TCR. Such treatment showed slower tyrosine phosphorylation of Y132 than of Y171, and the phosphorylation of PLC-γ1 exhibited similar time-dependent phosphorylation to Y132 ( Supplementary Fig. 1a,b ).
Scanning mutagenesis screens with LAT-derived peptides suggested that the substitution of G131 with almost any other amino acid should enhance Y132 phosphorylation, with aspartate and glutamate substitutions showing the greatest enhancement ( Supplementary Fig. 1c ) 15 . In a colorimetric in vitro kinase assay, in which ATP consumption is coupled to NADH oxidation, the ZAP-70 kinase domain showed negligible activity towards a wildtype peptide encompassing Y132 ( Fig. 1e,f) . Replacement of the glycine at the −1 position with aspartate or glutamate greatly increased the phosphorylation efficiency of Y132 ( Fig. 1e ,f). Despite its slow phosphorylation by ZAP-70, LAT Y132 is a bona fide well-established ZAP-70 substrate, as shown in the kinase assay ( Fig. 1d ) and in the experiments in which ZAP-70 deficiency but not ITK deficiency eliminated Y132 phosphorylation ( Supplementary Fig. 1d ), and as reported in the literature 19 .
Since p-Y132 in LAT is directly upstream of PLC-γ1, we examined the possibility that the glycine at position 131 might have been selected to promote a better PLC-γ1 interaction with the p-Y132 site. Phosphorylated Y132 interacts with the N-terminal SH2 domain of PLC-γ1 (refs. 19, 20 ) . A peptide with glycine preceding Y132 had similar binding affinity to the PLC-γ1 N-SH2 domain, as did a peptide with aspartate preceding Y132 ( Supplementary  Fig. 2a,b) . A scanning mutagenesis screen for PLC-γ1 N-terminal SH2 binding to LAT p-Y132 peptide mutants confirmed that most substitutions at G131 do not affect SH2 binding, whereas polar substitutions at V135 (the + 3 position) in the p-Y132-containing peptide impaired SH2 binding, consistent with the known binding motif preference for PLC-γ1 N-terminal SH2 ( Supplementary  Fig. 2c ) 21 . It is also unlikely that the G131D and G131E mutations would change which kinase phosphorylates this site, because the aspartate or glutamate residue at the −1 position is disfavored by Src family kinases and Tec family kinases 15, 16 . Therefore, this highly conserved glycine at the −1 position impedes the efficiency of LAT Y132 phosphorylation by ZAP-70.
Mutation of LAT G131 to an aspartate or glutamate enhances calcium responses. To determine how the G131 residue preceding Y132 affects PLC-γ1-dependent signal transduction (for example, calcium responses), we substituted G131 with aspartate or glutamate in T cells. LAT and its G131 variants were used to reconstitute CRISPR-Cas9-generated LAT-deficient human Jurkat cells (J.LAT), hereafter termed J.LAT.WT, J.LAT.G131D, and J.LAT.G131E. When these cells were stimulated with anti-CD3 mAb (OKT3), the G131D and G131E LAT variants markedly augmented the magnitude of maximal calcium peaks ( Fig. 2a,b ). Particularly evident at lower doses of anti-CD3, expression of G131D and G131E mutant LAT molecules endowed cells with faster and larger calcium responses than did wild-type LAT ( Fig. 2a,c) . Thus, by mutating G131 to an aspartate or glutamate, the reconstituted J.LAT cells had increased sensitivity and decreased response times to weak anti-CD3 stimuli.
We examined whether the elevated calcium mobilization in J.LAT.G131D and J.LAT.G131E cells resulted from alteration of LAT Y132 and PLC-γ1 phosphorylation. J.LAT.G131D and J.LAT. G131E cells responded to lower anti-CD3 concentrations than did wild-type cells ( Fig. 2d and Supplementary Fig. 3a ). The mutation at G131 did not influence the activation of Lck and ZAP-70 ( Supplementary Fig. 3a,b ), but LAT Y132 and PLC-γ1 phosphorylation were greatly enhanced in G131D-and G131E-expressing cells ( Fig. 2d and Supplementary Fig. 3a ,c). Notably, we sometimes observed an enhancement in the phosphorylation of the distal tyrosine residues in cells expressing LAT G131D; however, this effect was not consistently observed ( Fig. 2d and Supplementary Fig. 3b ). In time-course experiments, G131D and G131E LAT also accelerated the phosphorylation of LAT Y132 and PLC-γ1 ( Fig. 2e ). These results suggest that LAT G131D and G131E lowered the TCR response threshold and amplified T cell responsiveness by promoting the phosphorylation of LAT Y132 and PLC-γ1.
Enhanced Y132-PLC-γ1-derived signals allow T cells to respond to low-affinity ligands.
The OT-I TCR recognizes a peptide spanning residues 257-264 from chicken ovalbumin (OVA) presented by the H-2K b MHC molecules. Substitutions of one or two amino acids convert the full agonist OVA peptide into partial or weak agonists, all termed altered peptide ligands (APLs), which provide a sensitive and specific system to examine the capability of T cell ligand discrimination.
We reconstituted LAT-deficient OT-I + hCD8 + Jurkat cells with wild-type LAT or the G131D or G131E variants (termed J.OT-I.LAT. WT, J.OT-I.LAT.G131D, and J.OT-I.LAT.G131E, respectively). Each cell clone was stimulated with OVA APL-pulsed H-2K b -expressing T2 cells (T2-K b ) 22 . Cells upregulated the activation marker CD69 in response to OVA stimulation but remained unresponsive towards an unrelated peptide, VSV ( Fig. 3a ). When the cells were stimulated with OVA or partial agonists Q4R7 or T4, G131D-LAT-and G131E-LAT-expressing J.OT-I + cells were approximately tenfold more sensitive to the peptide stimulus. Q4H7 is a very weak agonist and activated only approximately 30% of the J.OT-I.LAT.WT cells, but approximately 60% of J.OT-I.LAT.G131D and 50% of J.OT-I.LAT. G131E cells were able to respond to Q4H7, as measured by CD69 upregulation (Fig. 3a,b ). Another weak OVA APL peptide, G4, did not stimulate J.OT-I.LAT.WT cells to upregulate CD69, but was able to activate about 40% of G131D-expressing J.OT-I + T cells and 20% of G131E-expressing cells (Fig. 3a,b ). The responses to Q4H7 and G4 peptides are noteworthy because both peptides can promote positive selection of OT-I + T cells in fetal thymic organ cultures and, as such, are considered to have an affinity in the range of positively selecting self-peptides 23, 24 . Purified LAT or a Y127F mutant cytoplasmic domain (5 μM) were phosphorylated by purified ZAP-70 kinase domain (1 μM). The phosphorylation of Y132 on LAT was assessed using an anti-LAT p-Y132 antibody. The total phosphorylation level of LAT was assessed using an anti-p-Y antibody (clone 4G10). A Coomassie Blue-stained membrane below shows loading levels. Data are representative of three independent experiments. e, Phosphorylation of peptides spanning LAT Y132 with the wild-type G131 residue, the G131D mutation, or the G131E mutation, using a colorimetric assay in which ATP consumption is enzymatically coupled to stoichiometric oxidation of NADH, with concomitant loss of NADH absorbance at 340 nm. The ZAP-70 kinase domain was used at a concentration of 1 μM and peptides were at a concentration of 500 μM. A control reaction lacking substrate peptide was also carried out to measure the background level of kinase-mediated ATP hydrolysis. At least three experiments were repeated independently with similar results. f, Background-subtracted rates of in vitro LAT Y132 phosphorylation using the assay described in e. Bar graphs show the mean rate from at least three independent experiments for each kinase-substrate pair at two substrate concentrations. Each symbol represents an individual result. n = 3 independent results (wild type and G131D), n = 4 independent results (G131E). *P = 0.0389, ****P < 0.0001; ns, not significant; one-way analysis of variance (ANOVA) analysis.
G131D-or G131E-expressing J.OT-I + cells were also weakly activated by the naturally occurring positively selecting selfpeptide for OT-I TCR, Catnb (derived from β-catenin residues 329-336) 25 , whereas wild-type LAT-expressing cells were not ( Fig. 3a,b) . We compared the potency of each OVA APL peptide and the self-peptide Catnb using J.OT-I + G131D and G131E versus wild-type LAT-expressing cells ( Table 1) . Peptide potencies were quantified by calculating EC 50 (half maximal responses) in the CD69 upregulation assays and normalizing these values to the percentage of maximal CD69 responses 26 . These results suggest that LAT cells were reconstituted with wild-type LAT or mutant LAT with G131D (top) or G131E (bottom) substitutions, as indicated. Cells were loaded with the calcium-sensitive dye Indo-1 AM and stimulated with a range of anti-CD3 (clone OKT3) concentrations starting at 0.5 μg ml −1 (left) followed by a series of twofold dilutions (0.25 μg ml −1 , 0.125 μg ml −1 , and 0.0625 μg ml −1 , from left to right). The changes in relative calcium-sensitive fluorescence ratios over time for 400 s are shown (mean ± s.d., n = 3 technical replicates). Ionomycin treatment was used as a positive control. Data are representative of at least three experiments. b, The plot shows the mean of the maximal calcium peak at different concentrations of anti-CD3 stimuli (mean ± s.d, n = 8 samples from three independent experiments). Diminishing amounts of anti-CD3 were added, starting at 1 μg ml −1 , followed by a series of twofold dilutions. Data were pooled from three independent experiments. **P = 0.0022, *P = 0.0043; ns, not significant (P = 0.1327); two-tailed Mann-Whitney U test. c, Bar graphs summarize the response times to reach the peak calcium increases (mean ± s.d., n = 8 samples from three independent experiments). Anti-CD3 stimulation starts at 1 μg ml −1 , followed by a series of twofold dilutions. Data were pooled from three independent experiments. ***P = 0.0002; ns, not significant (P = 0.3095); **P = 0.0031, *P (left) = 0.0123, *P (right) = 0.0228, **P (right) = 0.0053; two-tailed Mann-Whitney U test. d, Immunoblot analyses of J.LAT cells that were reconstituted with wild-type LAT, G131D or G131E mutant LATs, and were left unstimulated or were stimulated with a range of anti-CD3 doses (clone OKT3) starting at 0.5 μg ml −1 with serial twofold dilutions at 37 o C for 1 min. Data are representative of at least five experiments. Note that the same lysates were run on two separate gels to blot for p-Y171 and p-Y132; hence, blots for LAT loading are provided twice. e, Immunoblot analyses of J.LAT cells that were reconstituted with wild-type LAT, or G131D or G131E mutant LATs, and were left unstimulated or were stimulated with anti-CD3 stimulation at 1 μg ml −1 (clone OKT3) at 37 o C for different durations (as indicated above the blots). Data are representative of at least five experiments. Note that the same lysates were run on two separate gels to blot for p-Y171 and p-Y132; hence, blots for LAT loading are provided twice.
augmented LAT Y132 phosphorylation disrupted the ability of the cells to accurately discriminate ligands with different potencies. G131D-expressing cells exhibited a lower ligand responsiveness threshold than did wild-type LAT-expressing cells.
CD69 upregulation is a prominent feature of T cell activation, but its expression can also be induced by exposure to cytokines 27 . Therefore, we examined TCR-induced proximal signals, including phosphorylation of ERK and calcium flux, in response to OVA APL or self-peptide stimulation of J.OT-I + cells expressing LAT variants. LAT.WT-, G131D-or G131E-expressing J.OT-I + cells were first 'barcoded' by labeling them with different dilutions of CellTrace Violet. All three variants were pooled and incubated with various peptidepulsed T2-K b cells at 37 °C for 5 min (Fig. 4a ). Stimulation with the OVA peptide induced the phosphorylation of ERK in all three J.OT-I + cell variants, but stimulation with the control peptide VSV did not ( Fig. 4b and Supplementary Fig. 4a,b ). Across all OVA and the APL peptide stimuli, a substantially larger population of G131Dexpressing J.OT-I + cells exhibited ERK phosphorylation than did G131E-expressing J.OT-I + cells; the wild-type-expressing J.OT-I + cells were the least responsive. Dose-response analyses of the phospho-ERK induction further supported the strengthened responses of LAT G131D-or G131E-expressing J.OT-I + cells towards full or partial agonist stimuli ( Fig. 4c ). Moreover, approximately 20% of G131D-expressing J.OT-I cells and 15% of G131E-expressing cells acquired the ability to upregulate ERK phosphorylation following stimulation with the self-peptide Catnb, whereas wild-type-expressing J.OT-I cells were unresponsive ( Fig. 4c ).
Next, we used OVA-or APL-loaded biotinylated pMHC monomers and streptavidin to analyze antigen-specific calcium responses. Expression of G131D or G131E LAT augmented calcium mobilization The table shows EC 50 (pM) and ligand potency analysis of CD69 upregulation from assays as in Fig. 3a . K D values, determined by surface plasmon resonance (SPR), were obtained from the literature 26 . N.A., not applicable. WT, wild type.
( Fig. 4d ), enabling more rapid responses, and 1.52-fold increases in the magnitude of the peak responses ( Fig. 4e,f ). Thus, a negatively charged residue preceding Y132 in LAT enhanced the sensitivity of T cells to full or partial agonist stimuli, and bestowed on T cells the ability to respond, albeit weakly, to self-peptide stimulation.
Murine T cells rely on slow phosphorylation kinetics of Y136 in
LAT to allow self-non-self antigen discrimination. The mutations at LAT residue 131 elicited similar functional consequences in primary mouse T cells. Ectopic over-expression of the G135D mutant LAT (Y136 is the murine ortholog of human Y132) in the presence of endogenous LAT was sufficient to endow OT-I + CD8 and OT-II + CD4 T cells with a gain-of-function ability to respond to low-affinity ligands ( Supplementary Fig. 5 ). OT-I + CD8 or OT-II + CD4 T cells transduced with a retrovirus encoding wild-type LAT-P2A-BFP or G135D LAT-P2A-BFP were stimulated with various peptide-pulsed T cell-deficient splenocytes.
In response to stimulation with G4 peptide-pulsed splenocytes, the expression of G135D LAT enabled OT-I + CD8 T cells to increase the expression of the key transcriptional factor IRF4 and activation marker CD69 ( Supplementary Fig. 5a ), augmented the activation of ERK phosphorylation ( Supplementary Fig. 5b ), and OT-I + hCD8 + Jurkat variants stimulated with the indicated concentrations of peptide-pulsed T2-K b cells. Data were pooled from four independent experiments (mean ± s.d., n = 4 in four independent experiments). Ligands used for stimulation are indicated above the plots. d, Wild-type, and G131Dand G131E-expressing LAT-deficient J.OT-I + hCD8 + Jurkat variants were loaded with the calcium-sensitive dye Indo-1, and labeled with 1:100 biotinylated OVA/H-2K b , T4/H-2K b , G4/H-2K b , or VSV/H-2K b monomers. Cells were then subjected to calcium mobilization assays on Flex Station II. Indo-1 ratios were first recorded for 30 s to determine a relative baseline calcium level, followed by streptavidin addition to trigger the TCR-induced calcium response. Ionomycin was added at 240 s as a positive control. Representative calcium traces are shown. Each stimulus is as indicated. Data are representative of three independent experiments (mean ± s.d., n = 3 technical replicates). e, Bar graphs depict the statistical analysis of the fold change of the peak. Each symbol represents a technical replicate (mean ± s.d., n = 8 samples in three independent experiments). ***P = 0.0002 (OVA), ***P = 0.0006 (T4), ***P = 0.0003 (G4), **P = 0.0047 (OVA), **P = 0.0020 (T4), **P = 0.0070 (G4); ns, not significant; P = 0.3823 (VSV, left), P = 0.0830 (VSV, right); two-tailed Mann-Whitney U test. f, Bar graphs depict the statistical analysis of the response time to reach the peak (mean ± s.d., n = 8 samples in three independent experiments). Each symbol represents a technical replicate. ***P = 0.0002 (OVA), **P = 0.0011 (OVA), **P = 0.0054 (T4, top), **P = 0.0023 (T4, bottom) **P = 0.0059 (G4, top), **P = 0.0076 (G4, bottom), two-tailed Mann-Whitney U test.
promoted the mobilization of calcium ( Supplementary Fig. 5c ). Similar gain of function was observed in G135D LAT-expressing OT-II + CD4 T cells when stimulated with the E336Q peptide, a partial agonist of OVA peptide (residues 329-336) specific for OT-II + TCR ( Supplementary Fig. 5a,b) .
Our data suggest that the human G131-Y132 and the homologous mouse G135-Y136 LAT sequences may place an important regulatory constraint on TCR signaling that enables ligand discrimination. To further test this hypothesis in the absence of endogenous LAT, we used a mouse expressing a floxed Lat allele in which germline Lat could be deleted by tamoxifen treatment 28 . Endogenous, wild-type LAT is expressed during thymic selection in the CD8 lineage of ERCre + OT-I + Lat f/mouse. We used wildtype or G131D-expressing lentivirus to transduce the peripheral ERCre + OT-I + LAT f/-CD8 T cells from these mice. Tamoxifen treatment was then used in vitro to delete endogenous Lat in mature OT-I + T cells, enabling experimental assessment of the function of the lentivirally expressed LAT mutant (Fig. 5a) . LAT f/− CD8 T cells were isolated and lentivirally transduced to express wild-type LAT or G135D LAT and tamoxifen-treated for 4 d to delete endogenous LAT. Mouse G135D is homologous to human G131D. The wild-type or G135D LAT was conjugated to mCherry fluorescent protein through a self-cleaving P2A peptide. Cells with successful tamoxifen-induced deletion of endogenous LAT are GFP + (efficiency > 90%). Cells were rested for 1 d and stimulated with peptide-pulsed TCR Cα-deficient splenocytes overnight. TCR Cα-deficient splenocytes were pulsed with 1 μM of OVA, T4, or G4 peptide, 10 μM of Catnb peptide, or 10 μM of VSV peptide. Cells were then analyzed for their ability to upregulate CD69 and produce IFN-γ. Numbers in all flow cytometry plots indicate the percentages of positive cells. b, Representative contour plots depict the expression of Vα2 (OT-I TCR α chain) and mCherry after cells were transduced with lentivirus expressing wild-type LAT-P2A-mCherry or G135D LAT-P2A-mCherry. Data are representative of three experiments. c, Flow cytometric analysis of CD69 expression in mCherry + subpopulations of GFP + Vα2 + CD8 + T cells, pulsed with OVA peptide, G4 peptide, or Catnb self-peptide. d, Bar graphs represent the mean of CD69 + cells in the peptide stimulation assay. Each symbol represents one technical replicate (mean ± s.d., n = 9 samples in three independent experiments). **P = 0.0043 (Q4R7), **P = 0.0022 (Q4H7), ***P = 0.0004, ****P < 0.0001 (Catnb), *P = 0.0294 (VSV). ns, not significant (P = 0.1359); two-tailed Mann-Whitney U test. e, Flow cytometric analysis of IFN-γ-producing ability in mCherry + subpopulations of GFP + Vα2 + CD8 + T cells, pulsed with various peptides. f, Bar graph demonstrates the mean of IFN-γ-producing cells in the peptide-stimulation assay. Each symbol represents one technical replicate (mean ± s.d., n = 4 samples in two independent experiments.) *P = 0.0286; ns, not significant (P = 0.8857); two-tailed Mann-Whitney U test.
ERCre + OT-I + Lat f/-CD8 T cells transduced with wild-type or G135D-P2A-mCherry lentivirus showed similar transduction frequencies and expression ( Fig. 5b) . The P2A sequence allows the mCherry fluorescence to function as a marker for successful transduction 29 and its fluorescence intensity can serve as a surrogate marker for protein expression without interfering with LAT function. The mCherry + ERCre + OT-I + Lat f/-CD8 T cells regained the ability to respond to stimulation with OVA and the partial agonist Q4R7, as shown by the upregulation of CD69, but the non-transduced mCherry-negative cells did not ( Supplementary  Fig. 6 ). Expression of the G135D LAT mutant lowered the reactivity threshold to allow for an increased percentage of cells to be activated compared with that of wild-type LAT. The difference was particularly noteworthy when cells were stimulated with low-affinity peptides, such as the G4 peptide or the natural self-peptide Catnb (Fig. 5c,d) . A small but increased response to the VSV peptide-pulsed antigen-presenting cells was also seen in the LAT-G135D-expressing cells. This could reflect responses to endogenous self-peptides that the VSV-pulsed antigen-presenting cells also expressed. The percentages of IFN-γ-producing cells in G135D + groups also increased compared with those in the wildtype groups (Fig. 5e,f) . Thus, an aspartate residue preceding Y136 endowed mature T cells with the ability to be activated by lowaffinity antigens and allowed at least one relevant self-peptide to become an agonist. Our data suggest that ZAP-70-mediated phosphorylation of LAT Y136 in primary mouse T cells may function as a critically important node involved in kinetic proofreading to enforce T cell ligand discrimination.
T cell ligand discrimination is uniquely susceptible to the phosphorylation kinetics of LAT Y132
. The kinetic proofreading model predicts that proper ligand discrimination can be achieved by a series of gated biochemical events. In addition to the proofreading node involving LAT Y132 shown here, co-receptor scanning and delivery of Lck can also influence T cell ligand discrimination 26 . To experimentally compare the relative contributions of co-receptor scanning and G131-Y132 of LAT in TCR signaling, we again used the OT-I + Jurkat cells and OVA APL systems. We used OT-I + LAT-deficient Jurkat cells that did or did not express human CD8 (hCD8), and ectopically expressed wild-type LAT or the G131D mutant (termed J.OT-I.hCD8neg.LAT.WT or J.OT-I.hCD8neg.LAT. G131D, respectively). With these cells, we performed experiments as we did in Fig. 3 . The presence of hCD8 seemed to enhance the number of cells responding towards OVA peptide or the partial agonists Q4R7, T4, or Q4H7, compared with cells lacking hCD8, but did not alter the EC 50 value of cell responses towards the low-affinity peptide G4 or self-peptide Catnb ( Supplementary Fig. 7b,c) . Thus, G131-Y132 of LAT creates an important TCR signaling bottleneck that is distinct from the previously reported time delay generated by co-receptor scanning 26 .
To investigate whether the slow phosphorylation of Y132 in LAT is a unique rate-limiting step to control ligand discrimination, we explored the possibility that any of the other four individual tyrosine residues in LAT (that are phosphorylated more efficiently than Y132) could similarly function as 'artificial' TCR signaling bottlenecks to further improve T cell ligand discrimination. We expressed 'GY series' LAT mutants in J.OT-I + .hCD8 + LAT-deficient cells (termed J.OT-I.LAT.G126Y127, J.OT-I.LAT.G170Y171, J.OT-I.LAT. G190Y191, or J.OT-I.LAT.G225Y226, respectively). Interestingly, these mutants and wild-type LAT showed similar CD69 expression levels after stimulation with OVA or the partial agonists Q4R7 or T4-pulsed T2-K b cells ( Supplementary Fig. 7d ). The artificial attenuation of phosphorylation at LAT tyrosines other than Y132 did not influence OT-I TCR sensitivity or specificity, although there is probably redundancy in binding interactions with other SH2containing proteins at the other phosphorylation sites. Thus, T cell ligand discrimination is preferentially controlled by the slow phosphorylation of LAT Y132 and probably depends on the importance of events downstream of PLC-γ1.
Divergence at the LAT Y132 phosphosite in fish lineages may reflect temperature-sensitive signaling. The slow phosphorylation kinetics of Y132 can be largely attributed to a −1 glycine residue, which cannot form critical interactions with a conserved lysine residue (K538) in the substrate-binding site of the ZAP-70 catalytic domain 15, 16 . K538 and other positively charged residues in the ZAP-70 active site are conserved across all jawed vertebrates ( Fig. 6a) 15 , suggesting that the substrate-binding mode of ZAP-70 is conserved in these organisms. The glycine residue at position 131 in LAT is also highly conserved across jawed vertebrates, consistent with a conserved regulatory role for slow LAT Y132 phosphorylation (Fig. 6b,c) . Interestingly, a 'better neighbor' preceding Y132, such as asparagine, aspartate, or glutamate, is present in some fish (Fig. 6b ). Among the other key tyrosine residues in LAT that get phosphorylated, there is also a relative lack of sequence conservation at the −1 positions among fish (Fig. 6d ). However, throughout jawed vertebrate evolution, the preceding sequence is dominated by a negatively charged residue and lacking in any positively charged residues, consistent with the features preferred by ZAP-70 for tyrosine phosphorylation (Fig. 6d) .
Given our data on the critical role of the slow kinetics of Y132 phosphorylation for T cell ligand discrimination, we wondered why G131 is not completely conserved in fish. Based on our data in mammalian T cells, the other three amino acids observed at position 131 in fish LAT sequences (aspartate, glutamate, and asparagine) should speed up the phosphorylation of Y132 and enhance calcium responses towards low concentrations of anti-CD3 stimuli (data for G131N not shown). We therefore questioned why some fish would tolerate faster phosphorylation of this tyrosine if it might impair ligand discrimination. 15 ). The surface of the kinase domain is colored based on which residues are identical (blue), have physiochemical similarity (light purple), or are unconserved (purple), between the human and zebrafish sequences. The peptide is shown in ball and stick representation, with LAT Y226 and the −1 residue (D225) is shown in red. The conserved ZAP-70 active site residue that coordinates LAT D225, K538, is shown in dark blue. Residues in the substrate-binding region, particularly those that contact the −1 substrate residue, are highly conserved between human and zebrafish sequences. b, Phylogenetic tree showing taxonomic relationships between various jawed vertebrate species, highlighting species with a non-glycine residue at position 131 in LAT. Relationships are derived from the NCBI Taxonomy dataset 54 . Species that do not have a glycine residue preceding Y132 in LAT are highlighted in red. These species typically have an aspartate (D), glutamate (E), asparagine (N), proline (P), or serine (S) residue at the −1 position as indicated in the inner circle. Note that LAT sequences were not readily identifiable in most bird species, aside from emu (Dromaius movaehollandiae) and kiwi (Apteryx rowi), suggesting possible loss of the canonical jawed vertebrate LAT gene in most birds. More details can be found in Supplementary Table 1 Fish have a more limited antigen receptor repertoire than do mammals 30 , and are also generally cold-blooded 31 . We considered the possibility that better Y132 phosphorylation kinetics might provide certain immune fitness advantages for these fish, as their body temperatures are probably lower than those of mammals. To test the effect of temperature on the ability of T cells to induce Fish calcium mobilization, we compared mouse and zebrafish thymocytes. Zebrafish have a naturally occurring aspartate preceding the tyrosine residue in LAT that is homologous to human Y132 and mouse Y136 (Fig. 6b ). We used zebrafish that carry an lck:eGFP transgene to harvest the zebrafish thymi and identify thymocytes (Fig. 7a ). Since no monoclonal antibodies are currently available to stimulate zebrafish TCRs or CD3 (ref. 32 ), we stimulated zebrafish or mouse thymocytes with concanavalin A, a plant lectin that depends on TCR expression to induce calcium increases in Jurkat T cells 33, 34 . Interestingly, temperature change had little impact on concanavalin A responses of Lck-GFP + zebrafish thymocytes ( Fig. 7b ). By contrast, mouse thymocytes, which have a glycine preceding Y136, did not respond to concanavalin A stimulation at lower temperatures ( Fig. 7c and Supplementary Fig 8) . Importantly, when the cells were treated with ionomycin, zebrafish and mouse thymocytes had similar maximal calcium responses, although responses were delayed in mouse thymocytes incubated at a reduced concentration (Fig. 7c ).
Next, we tested whether G131D-expressing Jurkat cells may gain the temperature resistance properties seen in zebrafish thymocytes. We used biotinylated OVA H-2K b monomers followed by crosslinking with streptavidin to stimulate J.OT-I.LAT.WT or J.OT-I. G131D cells. Notably, J.OT-I.LAT.WT cells were more vulnerable to the change in temperature than were J.OT-I.LAT.G131D cells (Fig. 8a,b) . At room temperature, crosslinking of OVA H2-K b was unable to induce calcium flux in wild-type LAT-expressing cells, whereas the change in temperature had minimal impairment on G131D-expressing J.OT-I + cells. Next, we used immunoblots to examine LAT phosphorylation of J.OT-I.LAT.WT or J.OT-I.LAT. G131D cells stimulated with biotin-labeled OVA monomers, followed by streptavidin crosslinking, across different temperatures. Although wild-type LAT was phosphorylated in response to stimulation at temperatures close to 37 °C, we could not detect the phosphorylation of Y132 at 25 °C or 28 °C (Fig. 8c ). By contrast, at 25 °C stimulation, we could detect phosphorylation at LAT tyrosine residues that have aspartate at the −1 position (Y171 or G131D preceding Y132), although this was much weaker than under stimulation at 37 °C (Fig. 8c ). Interestingly, we also observed an increase in basal phosphorylation of LAT Y132 and PLC-γ1 Y783 in J.OT-I.LAT. G131D cells, compared with those in J.OT-I.LAT.WT cells (Fig. 8c ). Since we did not observe a similar increase in basal phosphorylation of Y132 in experiments that used anti-CD3 as the stimulus, the increase in basal phosphorylation here could be due to the prelabeling of cells with biotinylated OVA monomers at room temperature.
Our sequence analyses and comparison of temperature effects on calcium responses in mouse versus zebrafish thymocytes, or wildtype LAT versus G131D-expressing OT-I + Jurkat cells suggest that slow LAT Y132 phosphorylation has been selected for in most jawed vertebrate lineages, and is almost fixed in tetrapods. Some fish species, such as zebrafish, seem to have evolved to have faster phosphorylation of Y132, which may be required to enable signaling at the range of water temperatures in which these animals live in the wild ( Supplementary Fig 9) .
Discussion
The balance of T cell sensitivity and specificity requires TCR discrimination of agonist pMHC from self-MHC, which can differ by as little as a factor of ten in their affinities for the TCR 35 . The kinetic proofreading model proposes that signal accuracy can be achieved by accepting some tolerable time delay through a series of reversible biochemical modifications before the commitment step that triggers a response. Here, we have shown that LAT functions as a critical time-keeper through constraints placed by a single residue, G131, which attenuates ZAP-70-mediated phosphorylation of Y132. The phosphorylation of Y132 is required for the recruitment, phosphorylation, and activation of PLC-γ1. The activation of PLC-γ1 is critical for the subsequent calcium increase and PKC and Ras activation, which mediate T cell cytokine production, proliferation, and effector responses. The molecular time delay at LAT Y132 is necessary for proper self-non-self discrimination, and our observations support the importance of slow Y132 phosphorylation in TCR kinetic proofreading.
Mutating G131 to aspartate leads to faster phosphorylation kinetics for Y132, but with negative consequences for ligand discrimination. Y132 is unique among the LAT phosphorylation sites in its ability to influence ligand discrimination, most likely because it is the only phosphorylation site that directly recruits PLC-γ1. The other four phosphorylation sites in LAT all have a YXNX motif, consistent with Grb2 or Gads recruitment sites 17, 36, 37 . Mutation of Y171, Y191, or Y226 has a minimal effect on T cell development and maturation 38 . By contrast, replacement of Y132 with phenylalanine disrupts thymic development 39, 40 , and also leads to TCR-independent lymphoproliferation of T cells, suggesting that PLC-γ1 signals may maintain 'balanced' cell signaling to ensure an appropriate T cell response [39] [40] [41] [42] . Thus, Y132 in LAT is a potentially unique and important bottleneck, to temporally regulate the recruitment of PLC-γ1, with help from other tyrosine residues (probably through Gads-SLP-76 preassembly on LAT to stabilize PLC-γ1 binding) 17,38,43,44 . Although artificial attenuation of LAT phosphorylation at individual tyrosine residues other than Y132 did not influence signaling sensitivity, we expect that combinations of −1 glycine substitutions at LAT Y171, Y191, or Y226 might perturb T cell sensitivity. There may be several events involved in kinetic proofreading, each of which could contribute to the time delay required for ligand discrimination 26, 45, 46 . Very recently, using optogenetic methods, two groups implicated immediate downstream events of PLCγ1 activation, calcium and diacylglycerol increases, in kinetic proofreading 45, 46 . Notably, our study has identified PLCγ1 recruitment as an important contributor to kinetic proofreading that might have actionable therapeutic implications by providing a means for enhancing T cell responses to weaker agonists against pathogens that elicit weak responses, or to weak agonist peptides displayed by tumors. However, a tradeoff might be the possibility of auto-reactivity. Interestingly, the LAT G131D mutation has a stronger effect than the G131E mutation in all of our data. Based on a previous study 16 , we speculate that a −1 aspartate residue is the optimal shape and charge to coordinate a series of lysine residues near the substrate-binding pocket. Extending the acidic side chain by an extra methyl group would slightly disrupt this geometry.
The presence of a glycine residue preceding human Y132 creates a very poor substrate for ZAP-70 (ref. 15 ). Although some fish have more optimal residues preceding their homologous site in LAT, it is striking that almost all tetrapodal LAT molecules examined have a glycine at this position. This could be the result of a strong selective pressure that was more relaxed in fish. Interestingly, other tyrosine residues of LAT have been under strong selection pressure in tetrapods to become good ZAP-70 substrates. G131-Y132 is the only position that has become an evolutionarily conserved poor substrate for ZAP-70 in tetrapods, which might reflect the need for optimal ligand discrimination.
We therefore questioned why some fish have not adopted this same strategy for ligand discrimination. One major difference between tetrapods and fish is the maintenance of their body temperatures. Mammals are warm-blooded, whereas fish are coldblooded, and the temperature of amphibians and reptiles can vary greatly depending on the environment. Various enzymes, including kinases, are sensitive to the temperature 47, 48 . Thus, some fish may require a more optimal ZAP-70 substrate to phosphorylate their LAT Y132 homologous sequences to activate PLC-γ1 when in cold water. Zebrafish T cells have a limited TCR repertoire, and they are more cross-reactive to self-antigens than are mammalian T cells 30 . This may be one strategy to compensate for their limited and self-cross-reactive TCR repertoire, but allow for protective T cell immunity to foreign antigens 30 . This increased self-reactivity of zebrafish T cells may be constrained by the prominence of regulatory T cells to prevent auto-reactivity. T and B cell-mediated adaptive immunity evolved approximately 500 million years ago, with the emergence of jawed vertebrates 49, 50 . Since then, different organisms may have adapted slight variations on this system, as our analyses suggest for LAT phosphorylation. More comparisons of the sequences and activities of T cell signaling molecules across the animal kingdom are likely to reveal new mechanisms for the control of T cell activation. 55 . Male and female zebrafish between 2 and 4 months post-fertilization were used in all studies.
Online content
Cell lines. The human leukemic Jurkat T cell line, Jurkat variants with LAT deficiency, ZAP-70 deficiency, or ITK deficiency, and T2-K b cells were maintained in RPMI culture medium supplemented (Thermo Fisher Scientific) with 5% FBS (Omega Scientific) and 2 mM glutamine (Thermo Fisher Scientific). For additional drug selection, LAT-deficient Jurkat variants that were reconstituted with wildtype LAT or various mutant LAT constructs were maintained in 0.5 mg ml −1 of the aminoglycoside geneticin (G418, Santa Cruz Biotech), the Csk-AS Jurkat variant was maintained in 10 μg ml −1 blasticidin (Thermo Fisher Scientific).
Antibodies. Antibodies are listed in Reporting Summary and Supplementary Note.
Sequence alignments and analysis. Sequences of LAT orthologs from various jawed vertebrates were identified as described previously 15 . Briefly, human LAT was used as a query sequence for an initial protein-protein BLAST search using the NCBI non-redundant protein database 56, 57 . This initial search yielded mostly mammalian sequences, as well as a few fish, amphibian, and reptile sequences that were annotated to be LAT orthologs. These non-mammalian LAT sequences were used as queries in subsequent BLAST searches. Putative orthologous tyrosine phosphosites were identified in the C-terminal approximately 100 amino acids of each LAT sequence based on two criteria: they matched the SH2 binding motifs, and they occurred in the order seen for known human and mouse LAT phosphosites. The sequences surrounding individual putative phosphosites across all orthologs were manually aligned, and this local alignment was visualized using the online tool WebLogo 58 .
LAT sequences of fish, birds, reptiles, and mammals. The sequences are listed in Supplementary Table 1 .
Protein expression and purification, and in vitro phosphorylation assays. Please see Supplementary Note.
Generation of ZAP-70-deficient or ITK-deficient Jurkat variants. The ZAP-70deficient or ITK-deficient Jurkat variants were generated using CRISPR-Cas9 technology as previously described 22 . In brief, guide single guide RNAs (sgRNAs) against human ZAP70, or ITK coding regions were cloned into the pU6-(BbsI)_ CBh-Cas9-T2A-BFP vector (Addgene, plasmid 64323), and electroporated into Jurkat T cells. The sgRNA sequences used in these studies were as follows: sgRNA nucleotide sequences against ZAP70: pair 1, 52-CACCGCATCGAGCAGGGCA AGCGGA-32 and 52-AAACTCCGCTTGCCCTGCTCGATGC-32; pair 2, 52-CACCGTTCGGGTGGACACTCTGGT-32 and 52-AAACACCAGAGTGTC CACCCGAAC-32. sgRNA nucleotide sequences against ITK: pair 1, 52-CACC GATACTTTGAAGATCGTCATG-32 and 52-AAACCATGACGATCTTCAAA GTATC-32; pair 2, 52-CACCGAAGCGGACTTTAAAGTTCGA-32 and 52-AAACTCGAACTTTAAAGTCCGCTTC-32.
Reconstituted LAT-deficient Jurkat with LAT mutants. LAT-deficient Jurkat cells were generated in our previous study 22 and were used for reconstitution with pEF-vectors that express wild-type LAT, G131D, or G131E mutants by electroporation (Bio-Rad Laboratories).
Intracellular calcium measurements. Calcium mobilization was measured using a Flex Station II (Molecular Probes) as previously described 22 . More details can be also found in the Supplementary Note. In brief, 1 × 10 7 Jurkat variants were washed with PBS twice, and loaded with 1 μM Indo-1 AM calcium indicator dye (Thermo Fisher Scientific) individually at 37 °C for 30 min in 2 ml RPMI medium. 5 × 10 5 cells (100 μl) were washed twice again and transferred into individual wells in a flat-bottom 96-well plate. The temperature in the Flex Station II was set to 37 °C and each plate was incubated in the Flex Station II for 5 min before the experiment was started. The cells were first left unstimulated for 30 s to record basal levels of fluorescence intensities, followed by the addition of anti-CD3 (clone OKT3, Weiss Lab) at 30 s and the addition of ionomycin (Thermo Fisher Scientific) at a later time point as specified in corresponding figure legends, or incubated with 1:100 dilution of OVA-or APL-loaded biotinylated pMHC monomers (NIH Tetramer Core Facility) at 37 °C for 30 min in the pre-warmed Flex Station II. Indo-1 fluorescence ratios were recorded for 30 s to obtain the baseline relative calcium levels, followed by the addition of streptavidin (10 μg ml −1 , Jackson Immunoresearch) at 30 s and this was followed by the addition of ionomycin (Thermo Fisher Scientific) at 240 s. Data were imported into GraphPad Prism software (version 7) for analysis and production of graphs.
Jurkat variants stimulated by concanavalin A at different temperatures. Jurkat variants were loaded with 1 μM of the Indo-1 calcium indicator dye at 25 °C for 30 min. After loading, cells were washed twice with PBS, resuspended in HBSS at a concentration of 5 × 10 6 cells per ml, and then transferred to a flat-bottom 96-well plate (5 × 10 6 cells per well) to record calcium-dependent fluorescence changes using the Flex Station II. The experiments started from a temperature of 25 °C, which gradually increased throughout the experiments up to 37 °C. Each time, after the temperature of the Flex Station II reached the pre-set temperature, the temperature was maintained for an extra few minutes before each experiment started. Concanavalin A was dissolved in double-distilled water at 10 mg ml −1 as a stock solution, which was further diluted in PBS to prepare four working solutions (120 μg ml −1 , 40 μg ml −1 , 12 μg ml −1 ). The Indo-1 fluorescence changes were recorded for 30 s to obtain the baseline calcium level, followed by the addition of concanavalin A at 30 s, and the calcium-dependent fluorescence changes were recorded for another 4.5 min. Data were imported into GraphPad Prism software (version 7) for analysis and production of graphs.
Intracellular calcium measurements by flow cytometry. Mouse CD8 T cells stimulated by OVA-or APL-loaded biotinylated pMHC monomers. Naive OT-I + CD8 T cells were isolated and transduced with retrovirus expressing wild-type LAT-P2A-BFP or G135D LAT-P2A-BFP. Cells were loaded with 1 μM of the calcium indicator dye Indo-1 and 0.02% Pluronic F-127 (Thermo Fisher Scientific) at 37 °C in RPMI medium for 30 min, washed twice with PBS, and then labeled with 1:100 dilution of biotinylated OVA/H-2K b , T4/H-2K b , G4/H-2K b , or VSV/H-2K b monomers (NIH Tetramer Core Facility) at 37 °C for 30 min. Cells were then subjected to flow cytometry-based calcium assays. Indo-1 cell-associated fluorescence was first recorded for 30 s to obtain a baseline and then monitored after additions. Streptavidin (10 μg ml −1 ) was added at 30 s. Ionomycin was added at 240 s.
Zebrafish thymocytes stimulated by concanavalin A at different temperatures.
Ice water immersion was used to euthanize the zebrafish before dissection of the thymi. Thymi were dissected from 15 or 16 zebrafish bilaterally into 800 μl of dissection solution: HBSS (no Ca 2+ , no Mg 2+ ) with 0.2% FBS. After all of the thymi were collected, the solution was pipetted 15-20 times and filtered, followed by filtration through a pre-moistened 40 μm cell strainer. Next, the cells were centrifuged at 400 g for 5 min at 25 °C. The cell pellet was washed with 800 μl of dissection solution, centrifuged at 400 g for 5 min, and resuspended at 2.2 × 10 6 cells per ml in assay buffer (HBSS with Ca 2+ and Mg 2+ , 20 mM HEPES at pH 7.4). Indo-1-AM (Millipore Sigma) was pre-mixed 1:1 with Pluronic F-127 (Thermo Fisher Scientific) and added to the cell suspension at a final concentration of 1 μM Indo-1, 0.02% Pluronic F-127, and 0.18% DMSO, and vortexed immediately. After incubating in the dark for 30 min at 28.5 °C, the cells were washed twice with assay buffer, centrifuged at 400 g for 5 min at room temperature, and then resuspended at a final concentration between 1.6 × 10 6 and 3.5 × 10 6 cells per ml in assay buffer. The cells were incubated at 15 °C, 25 °C, and 37 °C using Eppendorf thermomixers (Eppendorf) for 10-15 min before running on an LSRFortessa (BD Biosciences). Baseline calcium-dependent fluorescence was determined over a 30 s interval before the addition of stimulus: concanavalin A (final concentration 10 μg ml −1 , Millipore Sigma) followed by the addition of ionomycin at 240 s to a final concentration of 1 μM.
Mouse thymocytes stimulated with concanavalin A at different temperatures. Thymi from C57BL/6 mice were harvested and prepared as single cell suspension in RPMI. Cells were labeled with 1 μM Indo-1 at 37 °C for 30 min, washed twice with PBS, and then resuspended in HBSS at the concentration of 1 × 10 7 cells per ml. The cells were incubated at 37 °C in a water bath, at room temperature, or at 15 °C in a pre-cooled benchtop centrifuge for at least 15 min before the experiment started. The calcium-dependent Indo-1 fluorescence was recorded on an LSRFortessa (BD Biosciences). The fluorescence was first recorded for 30 s to obtain a baseline level, and then cells were stimulated with concanavalin A at 30 s, followed by stimulation with ionomycin at 240 s. The concanavalin A was purchased through the same vendor and lot number as the calcium experiments performed with zebrafish thymocytes.
Immunoblot analysis. Immunoblot analysis was performed as previously described 22 and more details could be found in the Supplementary Note. 
